Analysis of 171 samples taken from the Neogene cohesive soils of the Southeastern edge of the Granada basin shows inverse correlation between carbonate content and dispersion index and swelling behaviour and direct correlations between carbonate content and shear strength. This paper shows that carbonate content and clay fraction activity have a great influence on the compaction characteristics of soils. Marls of the middle and upper Tortonian age ( lower marls) are inadequate for use as subgrade because of their high plasticity. In addition, marls of lower and upper Messinian age (upper marls) are inadequate for use as subgrade because of their high carbonate content. The relationship between carbonate content and geotechnical properties is particularly important because the changes caused by pedogenic dissolution and precipitation processes lead to changes in mechanical behaviour.
Introduction
lower Tortonian calcarenites and conglomerates, marls and limestones: calcarenitic member of Quéntar Formation (Rodríguez Fernández, 1982) . This paper presents results of an engineering These 20 m thick units are overlain by 10 m of geology investigation in which the geotechnical middle and upper Tortonian blue marl of Quéntar properties of Neogene cohesive soils were deterFormation (Rodríguez Fernández, 1982) . The blue mined. The stratigraphy of the Southeastern edge marl, locally absent, is overlain by Messinian of the Granada basin is comprised of Tortonian marine marl with crystalline gypsum layers [Dú dar and Messinian interlayered marls and gypsum, Formation; Rodríguez Fernández (1982) ] that is which are unconformably overlain by Quaternary 80-250 m thick. The marine marl is comprised of alluvial deposits (Rodríguez Fernández et al., 50 m of evaporitic silt and gypsum layers (turbid-1991) . The basal unit of the sequence consists of ites unit of La Malá), which are in turn overlain by 100 m of marl and gypsum interlayers. Widespread colluvial and alluvial deposits overlie the Neogene and Quaternary in the Southeast contained 34-82% smectitic clay and showed high plasticity-high durability and high swelling potenGranada basin is ca 3000 m (Rodríguez Fernández, 1982) , and is well exposed between the tial. The upper marls contained 3-80% of smectitic clay, and showed a higher weathering index and northwestern External Zones of the Betic mountain chain, the alluvial fans of the northern border lower swelling potential. The swelling inhibition was derived from higher carbonate and sulphate of the Granada basin, and the eastern and southern Internal Zones (Fig. 1) .
proportions. In this paper, 171 samples of the previously The methods used in this paper were based on standard tests from different countries. These tests mentioned marl units were taken from drill cores and trenches ( El Amrani Paaza and Chacó n, were the following: classification of soils for engineering purposes [ASTM D 2487-85; ASTM 1996) . These samples were analysed using the standard test method for classification of soils for (1986)]; one-dimensional swell or settlement potential of cohesive soils  engineering purposes [ASTM D 2487-85; ASTM (1986) (Afnor, 1980) . The blue methylene test [Afnor NFP18-592; Afnor (1980) ]; X-ray diffraction analyses according to middle and upper Tortonian age marls (''lower marls'') are clayey silt with sandy and marly layers the oriented aggregates method ( Voinovitch, 1971) ; carbonate content of soils by means of the of fine to very fine grain size and a very finely layered texture. The lower and upper Messinian Bernard calcimeter method [NLT-116/72; MOPU (1986) ], soluble sulphate content of soils marls (''upper marls'') display a massive to laminar texture. They are grey and yellow clayey silty marls [NLT-120/72; MOPU (1986) ], moisture-density relations of soils and soil-aggregate mixtures using with diffuse or crystalline gypsum in millimetric to centimetric layers with middle to coarse grain size, a 5.5 lb (2.45 kg) rammer and a 12◊ (305 mm) drop [ASTM D 698-78; ASTM (1986) ]; unconand clayey silt with massive crystalline gypsum in centimetric to metric layers, with middle to coarse fined compressive strength of cohesive soil [ASTM D 2166-85; ASTM (1986) ]; direct shear test of grain size and massive texture ( El Amrani Paaza, 1996) . soils under consolidated drained conditions [ASTM D 3080-72; ASTM (1986) ]; classification of soils for highways and bridges construction purposes in Spain [PG3; MOPU (1991) ]; and classification of soils and soils-aggregates mixtures 3. Mineralogical features for highway construction purposes [AASHTO M 145-82; AASHTO (1986) ].
X-ray diffraction analyses were conducted according to the ''oriented aggregates method'' ( Voinovitch, 1971) for grain sizes <20 mm and 2 mm. The observed different facies of the lower 2. Main geotechnical features of the Neogene marly soils and upper marls result from mixtures, in variable percentages, of two main components:
(1) a carbonate phase in the upper marls, conSome previous publications ( El Amrani Paaza et al., 1994; El Amrani Paaza and Chacó n, 1996) sisting of dolomite in higher amount than calcite; and determined that at clay contents >25%, the consistency and dispersion properties of both types of (2) a detritic phase changing from sandy (quartz dominant) to clayey [with illite (I ), smectite marls was controlled by the carbonate content and activity of the clay fraction. No correlation was (S) and kaolinite ( K )] which is dominant in the lower marls ( Tables 1 and 2 ). observed at lower clay contents. The lower marls . 1, Quéntar Formation (Q. Fm.) (calcarenite member); 2, Quéntar Formation (marly member); 3, Dú dar Formation (3∞, progradant deltaic facies, changing to marls towards the inferior of the basin; 3◊, marls and conglomerates with patch reefs; locally only reefs); 4, massive gypsum and salt; 5, Pinos Genil Formation (conglomerates and blocks); 6, Cenes-Jun silts ( lacustrine lutites and marls); 5+6, towards the interior of the basin, fresh-water stromatolitic limestones (5∞) and lutites and gypsum, locally with turbiditic intercalations; 7, lacustrine micrites; 8, Alhambra Formation (conglomerates with intercalated clays) (eastern border) and conglomerates of Moraleda (central and southern sectors); 9, travertines; and 10, La Zubia Formation. The lower marls have an average percentage of values were observed in samples of the lower marls in which interlayered smectite are rare. fines of 96% which is typical of high compressibility silts (MH ). The average content of fines in the The average carbonate content [NLT-116/72 Spanish test; MOPU (1986)] of the lower marls is upper marls is 78% with a predominance of low compressibility silts (ML) (Fig. 2) ( El Amrani 5%, and an averaged content of 25% is observed in the upper marls ( El Amrani Paaza, 1996) . Paaza and Chacó n, 1996). The results of the blue methylene test [Afnor NFP18-592; Afnor (1980) ] Determination of sulphate content [NLT-120/72 Spanish test; MOPU (1986) ] is made by a prelimiagree with the above granulometric data and confirm the silty nature of the detritic fine fraction nary dissolution by shaking and precipitation with barium chloride. The average content of sulphate Tables 3 and 4 ). In particular, low blue methylene 
c m −2) cm−2) kPa−1) kPa−1) was 2% for the lower marls and 3% for the upper meaningful probably because of scattered distribution of carbonate crystals in isolated points where marls ( El Amrani Paaza, 1996) . they do not form the matrix of the soil ( El Amrani Paaza and Chacó n, 1996). The correlation increases with the sulphate content, which confirms 4. Index of weathering the influence of the soluble sales in the dispersion phenomenon of the clay particles. The average values of the DI is 5% for the lower marls and 22% for the upper marls. The clay content (smectite and illite) for both types of marls are 54 and 33%, respectively, for the lower marls and 36 and 47% for the upper marls ( Tables 1 and  5 . Mechanical behaviour of the marls 2). The increase of DI values in the upper marls results from its high carbonate content (Pearson In order to analyse the relationships between carbonate content, dry density, optimum moisture correlation coefficient, r=0.4; Fig. 3A ) and high sulphate content (r=0.6; Fig. 3B ) exerting a limcontent, swelling behaviour and direct shear strength, proctor, oedometric and shear box tests ited dispersive influence on the colloidal soil, which increases its susceptibility to erosion. The correlawere performed on samples from both types of marls. These relationships were considered signifition between DI and carbonate content is not very catively interesting for potential design of embank-6. Results and discussion ments and earth dam cores with these marls.
Sieves were used to separate a 20-2 mm fraction 6. ( Table 5 ) because the liquid limit is usually above the acceptable range. Thus both types of marls are behaviour. In Fig. 4 , consistency parameters of the marls show direct correlation with optimum moisinadequate for use in Spanish civil engineering applications. ture content and inverse correlation with maximum dry density. This indicates that the clay fraction Following the classification of soils and soilaggregate mixtures for highway construction activity controls the compaction behaviour. These results agreed with those obtained by Tisot and purposes [AASHTO M 145-82; AASHTO (1986) ], null values of the group index (GI ) were found in Houpert (1980) and Konomi and Goro (1994) .
In Spanish civil engineering projects, PG3 stanboth types of marls. The lower marls are classified in the group A-7-5 (clayey soils) and the upper dard for highways and bridges construction purposes (MOPU, 1991) is an official classification marls are classified in the group A-4 (silty soils).
In both cases the general rating as subgrade is fair norm defining four levels of soils quality, according to values of maximum particle size (M ), percento poor (Table 6 ). tage <0.08 mm (P), liquid limit (LL), plastic index (PI ), dry density in the standard Proctor test (c d ), CBR index (CBR) and organic matter content 6.2. Uniaxial compressive strength (O). These four levels from lower to higher quality are as follows: ''inadequate'' (this group includes According to the values of q u measured in the uniaxial undrained unconfined strength test on those soils that do not fulfil the minimal conditions demanded to bearable soils); ''bearable'' (weight samples resulting from standard Proctor test, the upper marls show a moderately hard consistency of particles with size above 15 cm<25%; LL<40% or simultaneously, LL<65% and PI>(0.6*LL-9); and the lower one a soft consistency. Fig. 5 shows the relationship between the stanc d >1.450 kg l−1; CBR>3 and O>2%); ''adequate'' (M<10 cm; percentage <0.08 mm<25%;
dard Proctor test and the stress-strain curves obtained from samples with different moisture LL<40%; c d >1.750 kg l−1; CBR>5 and swelling <2%; O<1%) and ''selects'' (M<8 cm; percencontents. From this relationship the following conclusions are drawn: tage <0.08 mm<25%; LL<30, and simultaneously, PI<10%; CBR>10 and swelling=0;
(1) When the difference between the optimal moisture and the moisture content of the sample O=0).
The upper marls are classified as inadequate is <4%, a stiff behaviour is recorded as the moisture content decreases, and the peak ( Table 5 ) because the dry density is too high, strength of the sample is on the dry side of ratio depends on the soil plasticity and decreases with increasing carbonate content (r=−0.6; the curve (points 1 and 2, Fig. 5 ).
(2) Above the optimum moisture, the stress-strain Fig. 6A ). At moisture content superior to the optimum (standard Proctor) the swelling ratio curves show no peak, as is usual in loose sands, and an increase of strain toward the decreases with an increase of the moisture content of the marls (r=−0.6; Fig. 6B ). wet side of the curve. Similar results on compacted cohesive soils have been obtained by The swelling index is relatively high in samples compacted at the wet side of the compaction curve Withiam and Kulhanoy (1976) and on fissured marls of Keuper age in Lorraine ( France) by when the applied stresses are low ( Fig. 7A) . In fact, according to Lambe and Whitman (1976), Tisot and Houpert (1980) . the solids structure of the compacted specimens at the dry side of compaction curve is disperse and 6.3. Consolidation and swelling tests therefore more permeable than the specimens compacted at the wet side, in which sub-horizontal Fig. 6 shows the relationships between the swelling ratio and carbonate content ( Fig. 6A ) and the orientation of soil particles occurs rarely. The compression index C C (cm2 kPa−1) decreases with difference of optimum moisture from soil moisture content (W-W op ) (Fig. 6B ) of marls. The swelling increasing moisture content (r=−0.6; Fig. 7B ). soils with carbonate content is attributed to the formation of poorly ordered reaction products surrounding the clay minerals (Bell, 1989) . An increase at peak w with decrease of moisture (difference of optimum moisture from soil moisture content of the compacted samples) is also obtained (r=−0.96 for upper marls and r=−0.97 for lower marls; Fig. 8C ). These results are quite similar to those obtained on compacted marine marl samples from Algier (Bouteldja, 1994) . The decrease of w toward the wet side of the compaction curve was also observed by Rybicki and Wozniak (1994) . This could be explained by the development of tangential deformations by alignment of soil particles and destruction of soil structure created by the compaction process resulting from increase of moisture in the samples (Burland, 1990; Seed and Chan, 1992) .
Conclusions
The mechanical properties of southeastern Granada basin upper and lower marls reveal the content on the susceptibility of the sample to weathering. The upper marls, which have higher values of shear strength, DI and dry density show 6.4. Direct shear tests lower clay activity and a higher susceptibility to weathering. The lower marls, which have a higher The present results indicate that the friction angle (w) is dependent on the plasticity index (r= swelling ratio and optimum moisture content, show lower susceptibility to weathering. The −0.6) (Fig. 8A ) and carbonate content (r=0.7; Fig. 8B ). The increase of the shear strength of clay mechanical behaviour of the compacted marls 
